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Abstract 
A chemical absorption using three different solvent blends based on piperazine promoted potassium carbonate has been 
conducted with the simulation program Aspen Plus. In addition, a coal-fired power plant has been modelled in 
EbsilonProfessional. Different operating conditions within the system were considered for sensitivity analyses. These include the 
variation of: Initial solvent lean loading, two temperature approaches within cross heat exchanger and desorber pressure. 
Representative results helped to determine dependencies within the scrubbing process that directly affect a power plant. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Compared to other fossil fuels, like natural gas and oil, coal is abundant and relatively inexpensive [1]. The 
production of electricity from coal plays an important role worldwide. For instance in Europe it makes up for almost 
a third of the electricity generation [2].  
Post-combustion capture offers the opportunity of reducing CO2 emissions to the atmosphere, but not without 
resulting in high power plants efficiency penalties. A great effort has been started to reduce energy losses linked to 
the integration of power and capture plant. A way to accomplish this is by running several scenarios of the required 
system, for which simulation programs are useful tools.  
The integration of a CO2 scrubbing process in a coal-fired power plant implies both the modelling of a power 
plant and chemical absorption with solvent regeneration. The simulation of the power cycle supplies the necessary 
information about flue gas composition, as well as the possible location(s) for the tapping of steam and the effect on 
the power plant’s efficiency. The simulation of the scrubbing process, on the other hand, determines the required 
energy for the capture process such as heat (cooling water and steam) and electricity that will be provided by the 
power cycle. 
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2. Reference Power Plant North Rhine-Westphalia (RPP NRW) 
In Europe several coal-fired power plants will reach the end of their 
life time within the next years. In addition, new power plant capacities 
will have to be built in order to meet the increasing energy demand. The 
technology of such capacities in Germany is that of RPP NRW, with an 
efficiency of 45,9 % (LHV).  
The power plant simulation was undertaken with the software 
EbsilonProfessional from Evonik Industries, which is a specialized tool 
for serving energy and mass balancing of conventional fossil-fuelled 
power plant processes. The main parameters of RPP NRW can be taken 
from Table 1. 
3. CO2 Capture Unit 
The scrubbing process was modelled with the software 
Aspen Plus V2006.5. The simulation is rate-based and uses 
the property method electrolyte-NRTL. A 90 % CO2 
capture with piperazine (PZ) promoted potassium carbonate 
(K+) was assumed for all conducted simulations. The amine 
and bicarbonate reactions implemented in the program were 
taken from [4] and include modifications made by [5] and [6].  The absorption-desorption system was simulated 
with the solvent mixes shown in Table 2. The data on chemical media was provided by Aspen Plus, but it also was 
supplemented with data from [7] for K1 and [6] for K2 and K3 for a more accurate representation of the system. 
The simulated capture process can be 
described as follows: The pressure of the flue 
gas is increased in a blower to compensate for 
the losses that take place in the absorber.  
According to the geometry and packing used in 
the simulations, an increase of 70 mbar would 
suffice. In order to reduce the blower’s electric 
energy demand, the flue gas is previously 
cooled down, so that the outlet temperature does 
not exceed 40°C, which is also the temperature 
of the lean solvent when it enters the absorber at 
the top. The solvent reacts with the CO2 on its 
way to the bottom. The flue gas leaves the 
absorber at the top with a lean concentration of 
CO2, while the rich solvent leaves at the bottom 
of the column.  
The amount of solvent used in the absorber depends on several factors: kind of solvent and concentration, column 
geometry, packing type, amount of CO2 to capture, loading of the solvent, . The first two factors can be found in 
Table 2. The height of the column was kept constant throughout the simulations. The packing type is Mellapak 
250X and the CO2 capture rate has previously been mentioned. The loading, , represents the ratio of mole CO2 per 
mole alkalinity. Depending at what point of the absorber the loading is measured, it will be referred to as lean 
loading, lean, at the top of the column, or rich loading, rich, at the bottom. The difference between rich and lean 
loading is represented by  and expresses how much CO2 has been captured. The higher the value of  is the less 
amount of solvent will be needed to capture the same amount of CO2. Since the required energy demand from the 
pumps within the cycle also is directly affected by the solvent flow rate ( )(mfPel  ) it was decided to use 
different  values for K1, K2 and K3 and analyse their effect on the energy demand of the scrubbing cycle. 
Table 1 Design data of RPP NRW [3] 
Gross Output 600 MWel 
Net Output 555,6 MWel 
Net Efficiency 45,9 % 
Main Steam  285 bar 
600°C 
Condenser Pressure 45 mbar 
Pre-heating Stages 8 
  
Table 2 Solvent concentrations used in Simulations 
Nomenclature Solvent mix 
K1 4,5 m K+ / 4,5 m PZ 
K2 5,0 m K+ / 2,5 m PZ 
K3 6,4 m K+ / 1,6 m PZ 
 
Figure 1 Simplified diagram of CO2 scrubbing process 
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The rich solvent’s pressure has to be increased in order to be transported through a cross heat exchanger and to 
reach operating conditions within the stripper. Some other factors that have to be considered for the total pressure 
increase are: column height, as well as pressure losses due to packing and injectors. 
 The cross heat exchanger has the task to increase the rich solvent’s temperature before it enters the stripper 
column and cool down the lean solvent stream on its way to the absorber. This device plays a key role in heat 
recovery within the scrubbing system since not only the heat for regeneration of the solvent, but also the required 
cooling water, have to be provided by the power plant. The configuration of the cross heat exchanger has therefore a 
direct influence on the power plant’s efficiency penalties. In order to quantify that impact two values for the 
logarithmic mean temperature difference (LMTD) of 5 and 10 K respectively were considered within this study.  
Once the rich solvent has been preheated it will be introduced in the stripper column at the top. The regeneration 
of the solvent takes place in this unit. The required heat is provided by a reboiler and its energy is supplied from the 
power plant in form of steam. A 10 K approach was assumed for the reboiler. The temperature reached in this unit 
depends on the operating pressure of the stripper. As has previously been stated in [8], one of the reasons to operate 
the stripper at higher pressure (around 1,5 – 2 bars) is the fact that CO2 usually needs to be further processed for 
transportation purposes. Since the operating pressure dictates which temperature will be required from the reboiler 
and hence, the conditions of the extracted steam from the power plant, it was decided to run a sensitivity analysis 
and vary the pressure from 0,5 – 3,0 bars. The pressure effect will be described in more detail in the results part. 
A mixture of CO2 with steam and remains of solvent leaves at the top of the desorber. At this point the 
temperature is approximately 100°C, but it varies strongly depending on the operating conditions of the stripper. 
This stream has to be cooled down in order to meet the following objectives: Reduce the CO2 compressor’s energy 
requirement, recover water and solvent and thereby keep solvent losses, as well as the risk of corrosion low. This 
causes an additional requirement for cooling water. The CO2 rich stream can then be compressed, while the solvent 
is reintroduced within the scrubbing cycle.  
The regenerated solvent leaves the stripper column at the bottom with a temperature around 120°C. Again, this 
temperature varies strongly depending on the operating pressure of the column. This stream is lead to the previously 
mentioned cross heat exchanger, where it will transfer its heat to the rich solvent stream. At the outlet of this unit the 
temperature of the lean solvent flow rate has been reduced considerably, but it still is not low enough to be 
reinjected into the absorber column at a temperature of 40°C. For this reason the stream is lead to a cooler before it 
reaches the absorber. The required amount of cooling water varies depending on the LMTD from the cross heat 
exchanger. The lower the LMTD value the less cooling water will be required. Once the lean solvent stream reaches 
the absorber the cycle is completed. 
CO2 compression calculations were carried out assuming a final pressure of 200 bars in 8 stages at an initial 
temperature of 40°C. 
4. Process integration 
The main reason why a scrubbing process is modelled is to be able to integrate it with a coal-fired power plant, in 
this case with RPP-NRW. The energy required for regeneration of the solvent in use is provided by the power plant 
in form of steam. Figure 4 shows a possible location of the interface, between middle and low pressure turbines. The 
temperature required to regenerate the solvent dictates the parameters of the steam needed to supply the reboiler. 
The operating conditions of the capture unit also state the required amount of electricity and cooling water. A 
chemical absorption yet, is a complicated process with a lot of dependencies, so that a parameter can not be varied 
without affecting the whole process. In other words, the results of the scrubbing unit will first have to be interpreted, 
before being able to establish the boundary conditions to integrate both processes. 
It was though previously mentioned that the operating pressure of the stripper was varied, which directly affects 
the reboiler temperature and therefore the steam parameters (flow rate, temperature, saturated vapour pressure), 
which determine a possible tap location within the power cycle. In order to be able to compare the results it was 
decided to conduct an exergy analysis and use a reference pressure of 2 bars. 
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Figure 2 Process flow diagram of RPP NRW with possible location for integration with CO2 capture plant 
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The specific exergy was calculated as shown in Eq. (1) using the specific reboiler duty, 
2CO
q [
2
/ COkgMJ ], 
ambient temperature, Tamb [K], reboiler temperature, Treb [K] and compressor work, wcomp [
2
/ COkgMJ ]. This last 
term was calculated as shown in Eq. (2) using the CO2 gas constant, R [kJ/(kg.K)], operating desorber pressure,  
p [bar] and the stated reference pressure, pref [bar]. The wcomp term in Eq. (1) is positive for p < pref, in which case a 
compression would be required to reach pref, and negative for p > pref, where an expansion would be needed for the 
same purpose. The compressor work was assumed to be isothermal, since the exergy analysis was only intended to 
estimate the additional work for comparison. 
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5. Results 
In order to consider the variations listed in Part 3 of this study 18 different cases were modelled. This ends up in 
numerous simulations and a considerable amount of data to be interpreted, so that in this part only data that delivers 
representative results will be offered. Furthermore, it is important to mention that the goal of this analysis was not to 
optimize a process, but to recognize dependencies within the scrubbing cycle and hence give an insight of what 
might be used for designing a CO2 capture process and integrate it with a coal-fired power plant.  
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Solvent flow rate 
Figure 3 shows the rich solvent flow rate of the three 
analysed concentrations K1, K2 and K3 as a function of 
the rich and lean loading difference, . These curves 
were generated assuming a 90 % capture of CO2 in all 
cases. This is the reason why there is a decrease of the 
required solvent flow rate with an increasing value of  
due to the higher solvent capacity. The same effect can be 
seen for same values of  and different solvent 
concentrations. An increase of piperazine in solution 
allows for increased solvent capacity [9] and hence K1’s 
solvent flow rate is lower than the other concentrations K2 
and K3. Although these last two solvent mixes have 
different concentrations of piperazine, they both show a 
fairly similar behaviour in the range 0,08    0,13 
which can be explained with the carbonate concentration 
available in K2 and K3 (see Table 2). 
Absorber 
An example of an absorber temperature profile for different values of  (and hence different flow rates) can be 
seen in Figure 4. All presented curves correspond to K1. The other two solvent mixes K2 and K3 present a similar 
behaviour. In general, the temperature rises with an increasing value of . A temperature bulge is produced by the 
heat of reaction of CO2 with each solvent. Since the simulations were run assuming a constant rich loading the rise 
in temperature is due to the lean loading used in each case. The leaner the loading, the more solvent is available to 
react with the CO2 from the flue gas and, given that the absorption reactions are exothermic, the temperature within 
the absorber rises proportional to the increasing loading difference, .  The maximum temperature bulge ranged 
from approximate 10 to 35°C depending on the blend used.  
 
 
The effect of the temperature bulge in Figure 4 can be observed in Figure 5, which shows the capture rate of CO2 
for the same  values. Since the kinetics of the absorption reactions and the equilibrium of the reactions depend on 
temperature, a temperature bulge drastically affects the absorption rates in the column [10]. The capture rate of K1 
with max (dotted line) slows down as soon as a maximum temperature is reached. For the medium and minimum 
value of , the mass transfer rate is only slow in the beginning, but considering that the temperature bulges are 10 
to 25°C lower respectively, the mass transfer rates are all in all higher than max.  
The curves in Figure 5 show that for mid (triangle line) and min (square line) almost 70 % CO2 has been 
absorbed in around a third of the simulated column. This indicates that the absorber column could potentially be 
 
Figure 3 Rich solvent flow rate as a function of 
 for different solvent concentrations 
  
Figure 4 Absorber temperature profile for different 
values of  
Figure 5 Comparison of CO2 capture rates for 
different values of  
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smaller, thereby contributing to reduce investment costs. A further measure to reduce the column size is the use of 
an absorber intercooling by counteracting the reduced mass transfer rate produced by the temperature bulge. This 
would, however create a new cooling duty within the process. In other words, the use of an intercooling is not apt 
for every column and has to be justified by the dimension of the temperature bulge and an overall positive effect in 
the absorber.  
Desorber 
As mentioned before, the desorber operating pressure and the LMTD from the cross heat exchanger were varied. 
Figure 6 shows the results of this analysis for K1, K2 and K3. The trend of the curves varies depending on the 
solvent mix used. For the one with the highest concentration of piperazine (K1) the reboiler duty decreases with an 
increasing operating pressure, which indicates a dominance of the piperazine reactions. The opposite effect is 
observed for K3. In this case, the reboiler duty increases with an increasing desorber operating pressure, hence 
suggesting a dominance of the carbonate reactions. This behaviour is characteristic for solvents with a low heat of 
absorption, which due to its concentration corresponds to K3. This blend has the highest carbonate and lowest 
piperazine concentration. The desorption rate of K3 decreases with increasing pressure, meaning that in order to 
keep it constant more solvent has to be boiled up, consequently raising the required reboiler duty. 
 
  
Figure 6 Comparison of specific reboiler duty for 
different solvent concentrations and 
desorber pressures 
Figure 7 Specific exergy of steam required for 
reboiler at different desorber operating 
pressures for K1, K2 and K3 
 
The solvent blend K2 shows a curve progression that does not resemble any of the previously mentioned. For this 
mix a minimum reboiler duty was detected and it varies strongly depending on the chosen . For loading 
differences smaller than 0,15 the curves for the reboiler duty show a rather flat progression, while for   0,15 a 
parabolic trend was observed, which is more pronounced as  increases.  
For K1 and K3 the presented curves correspond to the same  for both LMTD (5 and 10 K). This is not the case 
for K2. For LMTD = 10 K a loading difference of 0,15 presents the lowest reboiler duty. For LMTD = 5 K, 
 = 0,12 presented the same minimum as  = 0,15. However, since the trend of   0,15 is parabolic, more 
energy would be required at low and high pressures. Thus the lower value of  was chosen as shown in Figure 5. 
A LMTD of 5 K leads in all cases to lowest required reboiler heat duties. The lowest value accounted for at a 
common desorber operating pressure of 2 bars was 2,9 MJ/kgCO2, which still is high compared to literature values 
like 2,3 MJ/kgCO2 [11]. 
Figure 7 shows the analysis of the specific exergy of the saturated steam used to supply the reboiler, which varies 
depending on the operating desorber pressure. As stated in Process integration, a reference pressure of 2 bars was 
assumed with the purpose of being able to compare the obtained exergy values at different pressures. The exergy 
curves show a growing trend –independent from desorber pressure– in all cases. This progress is opposite to the one 
showed by K1 in Figure 6. At lower pressures the required reboiler temperature can be a few degrees below 100°C 
and at higher pressures the temperature can be close to 150°C. The higher the reboiler temperature the higher the 
Carnot efficiency in Eq. 2 will be, affecting directly the exergy independent from the compressor work for pressures 
different than 2 bars.  
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Cross heat exchanger 
As shown before a LMTD value of 5 K would considerably reduce the heat duty from the reboiler. Figure 8 
shows that a higher heat transfer capacity would be required for a temperature approach of 5 K compared to 10 K. 
The reason why the reboiler duty decreases with a temperature difference of 5 K is because more heat from the 
regenerated solvent is recovered, which means that the cross heat exchanger’s capacity is higher. At a reference 
pressure of 2 bars in the desorber the difference in capacity for K1 between 5 and 10 K would be approximately 
35 MWth. The lowest heat transfer capacity required at 2 bars would be 400 MWth and the equivalent reboiler heat 
duty 3,2 MJ/kgCO2.  
 
  
Figure 8 Comparison of required heat transfer 
capacity for different solvent concentra-
tions as a function of the desorber pressure 
Figure 9 Required heat transfer area for different 
values of  and different operating 
desorber pressure 
 
The implications of reducing the LMTD from 10 to 5 K can be seen in Figure 9. The specific reboiler duty can be 
decreased, but at the cost of incrementing the required heat exchanger area. For K1 this means that in order to 
reduce the specific reboiler duty (at pref = 2 bars) from 3,2 to 2,9 MJ/kgCO2 the heat transfer area would have to be 
enhanced approximately 25.000 m2. A comparison from K1 with the other two solvent blends makes obvious, that 
an even larger heat transfer area would be required for them at a yet higher specific reboiler duty (see Figure 6). A 
LMTD of 5 K looks beyond feasibility for K2 and K3, since heat transfer areas larger than 100.000 m2 and more 
would easily be required. Considering both heat transfer capacity and its equivalent area makes clear the fact that 
heat recovery is also a matter of economics. In addition, depending on the available space within a power plant, the 
required heat transfer area might become an issue not always easy to solve, above all for power plants that should be 
retrofitted with a CO2 capture plant in the future.   
6. Conclusions 
The presented results have shown that due to its concentration – and hence its absorption capacity – K1 is the 
solvent blend with the lowest solvent flow rate. All blends present a temperature bulge, which increases as the lean 
loading decreases. Depending on the chosen solvent lean loading, lean, an intercooling might be recommendable for 
K1, in order to raise mass transfer rate within the absorber column. 
The reboiler duty for the regeneration of the solvent varies strongly depending on its concentration and desorber 
pressure. At high carbonates and low piperazine concentration (K3) the reboiler duty increases proportional to the 
desorber pressure. At low carbonates and high piperazine concentration (K1) the opposite effect was detected. K2 
presents a balanced combination of carbonates and piperazine. From the observed behaviour, at lower pressures the 
piperazine reactions seem to be dominant, while at higher ones the carbonates take the lead.  
The exergy analysis of the saturated steam used for solvent regeneration in the stripper’s reboiler showed that the 
exergy increases with increasing desorber operating pressure. This is nonetheless only the case, when a 10 K 
approach is considered between required reboiler and steam temperature. Initial calculations have been conducted 
assuming higher temperature approaches and the effect on the power plant. The first results suggest a decrease of the 
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exergy for higher pressures. The implications of this approach have yet to be fully analysed and will be the focus of 
future work. 
In general a LMTD of 5 instead of 10 K in the cross heat exchanger yields a lower reboiler duty due to the 
amount of recovered heat within the scrubbing process. The heat transfer capacity is higher and as a consequence 
the required heat transfer area increases considerably. For this reason the implementation of a LMTD of 5 K for a 
scrubbing process able to capture up to 90 % of a coal-fired power plant like RPP-NRW might turn out to be 
extremely difficult and for selected solvent blends even unfeasible. A focus to the cross heat exchanger is often 
neglected in the literature is thus recommended for upcoming analyses. 
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